Light-fraction (LF) material, comprised largely of incompletely decomposed organic residues, may provide a sensitive indicator of the effects of cropping practices on soil organic matter. The objective of our study was to determine the influence of agronomic variables on soil LF content, and to evaluate the LF as a measure of labile organic matter. Soils from three long-term crop rotation studies in Saskatchewan, Canada, were analyzed for LF content and composition. The experiments, established at Indian Head (Udic Boroll), Melfort (Udic Boroll), and Scott (Typic Boroll), included wheat (Triticum aestivum L.) based rotations varying in fertilizer application, frequency of summer fallow, and cropping sequence. The LF of the surface soil (0-7.5 cm) accounted for 2.0 to 5.4%, 3.3 to 7.1%, and 7.1 to 17.5% of the organic C at Indian Head, Melfort, and Scott, respectively. Within each site, the LF content was generally highest in treatments with continuous cropping or perennial forages and lowest in those with a high frequency of summer fallow. Fertilizer application generally favored LF accumulation. Differences in LF content among sites and treatments were attributed to variable residue inputs and rates of substrate decomposition. The respiration rate and microbial N content of soils was strongly correlated with the LF content, suggesting that the LF is a useful indicator of labile organic matter. Nitrogen mineralization was also correlated with LF content, though the relationship was less consistent, presumably because the high C/N ratio of the LF induced temporary N immobilization. The LF content is a sensitive indicator of the effects of cropping on soil organic matter content and composition but, because of its transient nature, probably reflects primarily short-term effects.
significant divergence in organic matter concentration with time as a function of crop rotation, tillage, fertilizer practices, and other agronomic factors (Ladd and Russell, 1983; Campbell et al., 1990) . Of particular concern is the loss of labile organic matter, which appears to be more susceptible to management effects than the bulk organic matter (Campbell and Souster, 1982; Janzen, 1987) . This "active fraction" plays a prominent role in soil nutrient dynamics (Parton et al., 1987) . As a result, various methods have been proposed to characterize the active fraction.
One method of measuring labile organic matter involves the use of densiometric techniques to isolate the LF. This fraction, comprised largely of organic residues in various stages of decomposition, has a high concentration of organic C and N relative to that of the whole soil (Theodorou, 1990) . Because of its high density, clay-associated organic material is excluded and the LF, therefore, consists primarily of "free" organic matter (Greenland and Ford, 1964) . Much of this material is derived from plant residues, but the LF also contains appreciable amounts of microbial and microfaunal debris including fungal hyphae and spores (Molloy and Speir, 1977; Spycher et al., 1983) . Ladd et al. (1977) showed that fumigation of soils resulted in significant decreases in N in the LF (LF-N), suggesting that the soil microbial biomass contributes significantly to this fraction. Chemical analysis indicates that LF material is intermediate between plant material and humified organic matter with regard to carbohydrate composition, amino acid composition, and C/N ratio (Greenland, 1971; Oades and Ladd, 1977; Turchenek and Oades, 1979) . The chemical composition of LF, as determined by NMR analysis, was found to be comparable to that of litter and plant materials (Skjemstad et al., 1986) . 1800 SOIL SCI. SOC. AM. J., VOL. 56, NOVEMBER-DECEMBER 1992 The LF has been shown to have a much higher turnover rate than bulk organic matter (Greenland and Ford, 1964; Greenland, 1971; Skjemstad et al., 1988) . For example, Dalai and Mayer (1986) observed that loss of organic C from the LF following cultivation was 2 to 11 times faster than that from the HF in finetextured soils. The relatively rapid mineralization of the LF may be related to the labile nature of its constituents and to the lack of protection by soil colloids (Spycher et al., 1983; Dalai and Mayer, 1986; Skjemstad et al., 1986) .
Several studies have used the LF for the evaluation of different cropping practices on organic matter quality. Ford and Greenland (1968) found that the soil LF content in extended rotations including pasture was higher than that in continuous wheat, which, in turn, was higher than that in fallow-wheat. Janzen (1987) observed that LF content was inversely proportional to the frequency of summer fallow in various spring wheat rotations. In both of these studies, LF content was found to be more sensitive to cropping practices than total organic C or N concentration in the soil.
Although previous studies have implicated the LF as a useful indicator of changes in organic matter (Dalai and Mayer, 1987) , there are few comprehensive evaluations of this parameter across a wide range of cropping systems. Our objective was to determine the influence of cropping variables on the LF content of Chernozemic soils and to evaluate its sensitivity as an indicator of changes in labile organic matter. Soils sampled from long-term crop rotations in three diverse environments provided a unique opportunity to address this objective.
MATERIALS AND METHODS

Experimental Sites
Light-fraction analysis was performed on soil samples obtained from long-term crop rotation studies with similar management practices at three sites in Saskatchewan, Canada (Scott, Indian Head, and Melfort). The three sites have comparable mean annual temperatures (1, 2, and 0 °C, respectively) and similar mean annual precipitation (355, 427, and 411 mm) (Campbell et al., 1990) . Moisture deficits, however, defined as the differences between potential evaporation and precipitation, vary considerably across the sites (280, 180, and 95 mm, respectively) .
The experiment at Indian Head was established in 1958 on a Rego, thin Black Chernozem (Udic Boroll) with a heavy clay texture (organic C in the surface 0-7.5 cm: 22.1 to 26.8 mg kg-1 , depending on treatment). The experiment included a series of spring-wheat-based rotations varying in frequency of summer fallow, fertilizer application, residue management, and inclusion of green manure and forage crops (Zentner et al., 1987) . Surface (0-7.5 cm) and subsurface (7.5-15 cm) soil samples from 11 treatments in nine rotations (Table 1) were obtained in early June 1987. Detailed chemical and biochemical analyses of these soils, including total C, Kjeldahl N, amino acid N, mineralizable N, microbial biomass, and respiration, were previously reported by Campbell et al. (1991a,c,d,e) .
The crop rotation study at Melfort was established in 1957 on a Melfort silty clay loam, an Orthic Black Chernozem (Udic Boroll) with a thick A horizon (organic C in the surface 0-7.5 cm: 52.3 to 57.6 mg kg-1 ). The study, described in detail by Zentner et al. (1990) , included treatments similar to those listed for Indian Head. Immediately after wheat harvest in September 1987, surface and subsurface soil samples were obtained from 13 treatments representing eight rotations ( Table 2 ). The chemical and biochemical analyses of these soil samples (total C, Kjeldahl N, amino acid content, amino sugar content, microbial biomass, mineralizable N, and respiration) were reported by Campbell et al. (1991b Campbell et al. ( , 1992a .
The third crop rotation study, located at Scott, was initiated in 1964 on an Elstow loam-clay loam, an Orthic Dark Brown Chernozem (Typic Boroll; organic C in the surface 0-7.5 cm: 24.4 to 32.1 mg kg-1 ). The experiment included various combinations of summer fallow, canola (Brassica campestris L.), spring wheat, barley (Hordeum vulgare L.) underseeded with alfalfa (Medicago sativa L.), and alfalfa grown for forage (Zentner el al., 1986) . Some treatments were modified somewhat from 1972 to 1979, principally by replacing wheat after summer fallow with canola. As well, oat (Avena sativa L.) was grown in place of barley for a number of years. Surface and subsurface soil from all phases of five rotations (Table 3 ) was sampled after grain harvest on Sept. 15 1988. The effect of rotation on organic matter characteristics of the soil, including total C, Kjeldahl N, amino acids, amino sugars, respiration, N mineralization, and microbial biomass, was reported by Campbell et al. (1992b) . At all sites, the treatments were arranged in randomized complete block designs with four to six replicates. Analyses were performed on samples from four replicates at each site.
Isolation of the Light Fraction
Air-dry soil samples were sieved (<2 mm) and plant residues retained on the sieve were discarded. In the case of the Melfort and Scott samples, the soil was subsequently ground to < 1 mm.
The LF was isolated using a modification of the method described by Strickland and Sollins (1987) . Approximately 10 g of soil was weighed into a 100-mL beaker. After adding 40 mL of Nal solution (SG = 1.70 ± 0.02), the suspension was dispersed for 30 s using a Virtis homogenizer (Virtis Co., Gardiner, NY). The beakers were then covered and the suspension was allowed to equilibrate for 48 h at room temperature. The suspended material (LF) was removed using a vacuum and transferred directly to a Millipore filtration unit (Millipore Corp., Bedford, MA) with Whatman no. 1 paper. The LF was then washed under suction with three successive aliquots of 0.01 M CaCl 2 and three aliquots of distilled water. After drying overnight (approximately 17 h at 70 °C, the LF was scraped from the filter paper and weighed.
The material that settled during the equilibration period (HF), was resuspended, mixed, and equilibrated to remove any residual LF. On average, the LF yield of the second suspension was only 3.4% of the total LF content, suggesting good recovery of the fraction from the soil.
Traditional methods of LF separation have often used a solution with an SG of 2.0 (e.g., Greenland and Ford, 1964) . We adopted a less dense solution (SG = 1.7) for two reasons: (i) it permits the use of inorganic media, which offer advantages of safety and convenience over organic solvents (Spycher et al., 1983) , and (ii) it prevents contamination of the LF with mineral and organomineral material, some of which has a density of 1.7 to 2.0 g cm-3 (Sollins et al., 1984; Perrott and Sarathchandra, 1987). Ladd and Amato (1980) suggested that fractionation in liquids with SG < 2.0 would yield more labile LF than fractionation in liquids of higher density. Soils in our study were not subjected to ultrasonic pretreatment as in many earlier studies. Dalai and Mayer (1986) found that ultrasonic pretreatment resulted in higher yields of LF with lower organic C content, compared with shaking alone, suggesting that ultrasonification may have resulted in the inclusion of more mineral material in the LF. Although our technique may have extracted lower yields of LF, our aim was to maximize recovery of labile organic matter.
Analysis of the Light Fraction
The LF separated from the various soil samples was finely ground (<150 (xm) and analyzed for total C and N concentrations using an automated elemental analyzer (Carlo Erba, Milan, Italy). Repeat analysis of randomly selected samples after determinations had been completed confirmed excellent correlation between replicate analyses but suggested that N concentrations may have been slightly underestimated (approximately 7%).
Statistical Analysis and Data Presentation
All LF data were subjected to a one-way analysis of variance for each site and sampling depth to determine the significance of the effects of cropping treatment. Where significant differences occurred, LSD analyses were performed to permit separation of means. The relationship been LF characteristics and previously reported soil properties and several agronomic parameters was defined by regression analysis using values from individual plots rather than treatment means.
RESULTS
Soil Light Fraction at Indian Head
The LF content of the surface soil (0-7.5 cm) in the Indian Head rotations was highest in the continuous wheat and forage rotations and lowest in rotations with green manure or frequent summer fallow (Table 1) . Fertilization increased the LF content in the continuous-wheat rotation. Removal of straw after harvest had no effect on the LF content in the FWW rotation.
Nitrogen concentration of the LF was highest in the forage rotation. Fertilizer and green manure application also tended to increase the N concentration of the LF. The C concentration of the LF was not affected by cropping treatment. The C/N ratio of the LF was generally narrower where N was applied or legumes were included in the rotation.
The LF content of the 7.5-to 15-cm soil layer (data not shown) averaged 1.0 g soil kg"
1 and was not affected by rotation treatment.
Soil Light Fraction at Melfort
The LF content of the surface soil at Melfort was highest in the continuous-wheat treatment, intermediate in the 6-yr forage rotations, and lowest in the wheat rotations with fallow or green manure (Table  2) . Within the fertilized forage rotation (FWWHHW), the highest LF content was observed in wheat underseeded with forage (third phase) but differences were small.
The N and C concentration of the LF from the surface soil was significantly affected by cropping treatment. Fertilizer application tended to increase the N concentration of the LF. The C/N ratio of the LF ranged from 16 to 19 and was narrowest in the fertilized forage rotation.
The mean LF content of the 7.5-to 15-cm soil layer was 4.6 g kg" 1 (data not shown). Trends in LF content of the subsurface layer were comparable to those in Light fraction-C (g kg ) the surface layer, as evident from a significant linear correlation (r = 0.61, n = 52, P = 0.0001).
Soil Light Fraction at Scott Soil LF contents in the surface soil layer at Scott were generally higher than those at other sites and exhibited the largest response to cropping treatment (Table 3) . When averaged across rotation phase, the LF contents of W, FCWBHH, FCBH, FCW, and FC rotations were 24, 14, 12, 16, and 11 g kg-1 soil, respectively. Significant differences in LF content were also observed among the various phases within the longer rotations. In the 6-yr rotation, for example, the LF content increased progressively from 9 g kg-1 soil in the fallow phase to 19.2 g kg-1 in the barley-forage phase and then declined. A similar cycle was observed in the FCBH rotation.
The N concentration of the LF in the surface soil at Scott was not affected by cropping treatment (Table  3 ). The C concentration of the LF tended to be highest in canola phases and lowest in forage phases. The LF content of the 7.5-to 15-cm soil layer showed trends similar to those described for the surface layer (r = 0.42, n = 64, P = 0.0005), but values were appreciably lower and differences among treatments less pronounced (data not shown). Soil LF contents in the subsurface layer averaged 8.9, 7.2, 5.9, 6.8, and 5.9 for the W, FCWBHH, FCW, and FC rotations, respectively.
Correlations of the Light Fraction
with Other Soil Properties The LF content of soils was consistently correlated with total soil N and organic C in all three soils (Table  4 ). In the surface soil layer, the correlation coefficient for the relationship between LF C or N content and soil organic C ranged from 0.44 to 0.65.
The soil LF content was also strongly related to those soil properties that reflect microbial activity in the soil. The parameter most highly correlated to LF content was soil respiration (Table 4) . When data from both depths were pooled, correlation coefficients for this relationship were 0.86, 0.87, and 0.73 for the three soils, respectively (Fig. 1) . The size of the LF and its N and C contents also tended to be positively correlated to potentially mineralizable N (N 0 and N,jfc) and microbial biomass N. The relationship of LF with biomass C was inconsistent.
The relationship of LF N and C concentrations with other soil properties varied among sites. At Indian Head, the N concentration of the LF in the surface layer was positively correlated with total soil N, organic C, mineralizable N, and biomass N. At Melfort, the C/N ratio of the LF was positively correlated with N 0 A:, respiration, and biomass N and negatively correlated with total soil N. At Scott, LF C and N concentrations had no consistent correlation with other organic matter characteristics.
DISCUSSION
Response to Cropping Treatments
The LF content of the surface soil from the various sites and treatments ranged from 2 to 24 g kg" 1 soil and accounted for 1 to 12% of soil N and 2 to 17% of soil organic C. These values are comparable to those reported for a Chernozemic soil in western Canada (Janzen, 1987) but somewhat lower than those reported elsewhere (Perrott and Sarathchandra, 1987; Ford and Greenland, 1968; Oades, 1972) . For example, Greenland and Ford (1964) found that the LF accounted for 21 and 12% of total C and N, respectively, in a soil under continuous wheat production. In our study, the LF in the same treatment accounted for between 4 and 18% of total organic C and 2 and 12% of total N. Somewhat lower recovery in our study may be attributable to lower fractionation densities and less disruptive sample pretreatment (Dalai and Mayer, 1986) .
The LF content of the surface soil (0-7.5 cm) was always higher than that of the subsurface soil (7.5-15 cm) even though total organic matter levels were usu-ally comparable. The ratio of LF C content in the surface to that in the subsurface soil averaged 3.4, 2.1, and 2.2 at Indian Head, Melfort, and Scott, respectively. The declining proportion of organic C in the LF with increasing depth, also observed by Spycher et al. (1983) , probably reflects the distribution of plant and microbial debris within the soil profile.
Highest LF concentrations were consistently observed in continuous-wheat rotations and in foragecereal rotations, while rotations with a high frequency of summer fallow tended to have low LF contents. In two of the three studies (Indian Head and Melfort), there was a strong negative correlation between the LF content and frequency of fallow in the rotation (r = -0.64 and -0.86, respectively). These results concur with those of Janzen (1987) and are in general agreement with observations from long-term studies in Australia (Greenland, 1971) . In most rotations, but especially in the continuous-wheat treatments, fertilizer application tended to promote LF accumulation.
The LF content fluctuated among phases of the same rotations, as evident at Scott where all rotation phases were sampled. In the longer rotations, LF contents were lowest during the fallow phase and highest during the cereal phase, particularly when underseeded with forage (Table 3 , Fig. 2 ). The effects of rotation phase were not significant in the shorter rotations, probably because of inadequate time for accumulation of LF between fallow phases. Ford and Greenland (1968) also observed lowest LF contents during the fallow phase of a 4-yr rotation including pasture, wheat, and fallow but found no difference between phases in a fallow-wheat system.
The differences in LF content among and within rotations at the various sites can be attributed to two factors: the amount of residue applied and the rate of substrate decomposition. The former factor probably explains the positive effect of fertilizer application on the LF content; yield responses to fertilizer application enhance the return of organic substrate in the form of shoot, root, and exudate material returned to the soil. Similarly, the excessive use of summer fallow, during which there is little primary production, tends to diminish residue inputs and LF accumulation. Regression of mean rotation LF content and estimated longterm residue input (estimated by Campbell et al., 1992b ) demonstrated a significant positive correlation (r = 0.91, n = 5) at Scott, the only site where all phases were analyzed.
Differences in LF content among treatments may also reflect variation in environmental factors, such as moisture and temperature, which exert a strong influence on decomposition rates (Parton et al., 1987) . In rotations such as continuous wheat and those with forages, crop demand for water maintains relatively low surface soil moisture, thereby suppressing decomposition (Shields and Paul, 1973) . In contrast, the inclusion of summer fallow in the rotation provides soil moisture and temperature conditions conducive to the breakdown of free organic matter. During this fallow period, LF organic matter that had accumulated in previous phases of the rotation would be depleted by accelerated decomposition and humification of the substrate. This mechanism may explain the apparent cyclical pattern of LF accumulation observed in the longer rotations at Scott (Table 3 , Fig. 2 ). The various sites exhibited large differences in LF content, even when rotation treatments were comparable. For example, the C content of the LF in the surface soil of the fertilized continuous-wheat treatment was 1.4, 4.1, and 5.3 g C kg-1 soil at Indian Head, Melfort, and Scott, respectively. This LF C accounted for 5, 7, and 17%, respectively, of the total organic C. These differences are not attributable to variation in residue input, which averaged 2.0, 2.0, and 1.9 Mg ha-1 yr~% respectively, at the three sites (Campbell et al., 1991a (Campbell et al., , 1992b . Rather, they probably reflect differences in environmental characteristics that influence decomposition rate. Under the relatively arid conditions at Scott (moisture deficit = 280 mm), LF material would probably decompose at a slower rate and accumulate at higher levels than under the more humid conditions at Indian Head and Melfort (deficit = 180 and 95 mm, respectively). Molloy and Speir (1977) also observed higher accumulation of LF (as a proportion of total C) in extreme locations in a climosequence where aridity or cool temperatures apparently restricted decomposition. To some extent, the earlier sampling time at Indian Head may have confounded the comparison with other sites. At Melfort and Indian Head, where the LF represented a comparatively small proportion of total C and N, variation in LF content among treatments had little effect on total organic matter. At Scott, however, the LF accounted for an appreciable proportion of the differences in total organic matter among treatments. Within the FCWBHH rotation, most of the changes in total organic C may be attributable to fluctuation of the LF (Fig. 2) . Increases in organic C content in the barley underseeded with forage observed by Campbell et al. (1992b) , therefore, are probably a reflection of the accumulation of partially decomposed crop residues.
Light Fraction as an Indicator
of Labile Organic Matter The LF content of soils was strongly correlated to soil respiration rates (Fig. 1) , suggesting that the LF may be an important C and energy source for soil microorganisms. Because the LF is not protected by clay minerals (Young and Spycher, 1979) or other mechanisms, it is readily accessible to microbial and enzyme activity. Furthermore, the LF is believed to be comprised of relatively labile constituents, such as carbohydrates (Skjemstad et al., 1986) , which would further enhance its susceptibility to microbial attack. The influence of LF on microbial activity is supported by a positive correlation between LF content and microbial biomass N ( Table 4 ). The correlation with biomass C was somewhat inconsistent or even negative, perhaps because of a confounding effect of increasing C substrate on the measurement of biomass C using the fumigation-incubation technique (Ocio and Brookes, 1990) .
The correlation between LF and N mineralization was not as strong nor as consistent as that with respiration. Although the LF is relatively labile, N mineralized during its decomposition may be reimmobilized because of its high C/N ratio (Sollins et al., 1984) . As a result, the N mineralization from the LF, expressed as a proportion of organic N, may not be any higher than that of the whole soil (Ladd and Russell, 1983) .
The apparent effect of environmental factors on accumulation of LF may restrict the value of laboratory incubations in assessing nutrient dynamics in soils from sites with disparate cropping or environmental conditions. For example, soil from continuous-wheat treatments in semi-arid conditions typically show much higher respiration rates than those from fallow-wheat systems in laboratory studies (Janzen, 1987; Campbell et al., 1992b) . These high respiration rates, however, may simply reflect a flush of LF decomposition when the soils are transferred from the adverse conditions in the field to the favorable environment in the laboratory.
As proposed earlier (Shaymukhametov et al., 1984; Dalai and Mayer, 1987; Skjemstad et al., 1988) , the LF is more sensitive than total organic matter content to the effects of cropping practices. For example, LF C values in the various treatments at Scott ranged from 2.0 to 5.3 g C kg-1 soil, a 2.6-fold difference. By comparison, total organic C content ranged from 24.4 to 32.1 g kg-1 soil (Campbell et al., 1992b) , a 1.3-fold difference. Furthermore, the LF analysis allowed much greater precision in separation of treatment means.
Although the LF provides a sensitive and reasonably precise measure of organic matter changes, it is a transient property and therefore probably only reflects short-term effects. Within a 6-yr rotation at Scott, for example, the LF C content ranged from 2.0 to 4.5 g C kg-1 soil, depending on the phase of the rotation. Spycher et al. (1983) observed appreciable changes in LF content even within a single year. These fluctuations presumably arise from numerous factors, including timing and amount of residue input, amount and composition of residue applied, soil moisture, and soil temperature.
